Abstract. The purpose of this study was to formulate a systematic, evidence-based method to relate quantitative diagnostic performance to radiation dose, enabling a multidimensional system to optimize computed tomography imaging across pediatric populations. Based on two prior foundational studies, radiation dose was assessed in terms of organ doses, effective dose (E ), and risk index for 30 patients within nine color-coded pediatric agesize groups as a function of imaging parameters. The cases, supplemented with added noise and simulated lesions, were assessed in terms of nodule detection accuracy in an observer receiving operating characteristic study. The resulting continuous accuracy-dose relationships were used to optimize individual scan parameters. Before optimization, the nine protocols had a similar E of 2.2 AE 0.2 mSv with accuracy decreasing from 0.89 for the youngest patients to 0.67 for the oldest. After optimization, a consistent target accuracy of 0.83 was established for all patient categories with E ranging from 1 to 10 mSv. Alternatively, isogradient operating points targeted a consistent ratio of accuracy-per-unit-dose across the patient categories. The developed model can be used to optimize individual scan parameters and provide for consistent diagnostic performance across the broad range of body sizes in children.
Introduction
Patient size is a dominant factor in dose and quality in medical imaging, particularly in pediatric imaging given the wide range of body sizes from newborn to teenage patients. This necessitates a size-specific approach toward pediatric computed tomography (CT). This has been well recognized 1, 2 and has further been made practical through size-specific pediatric CT protocols, such as the color-coded Broselow-Luten system. 3 Ideally, a size-specific protocol for a pediatric examination is defined based on diagnostic accuracy for a task of interest, and a targeted balance between the accuracy and patient dose. But designing such an optimized protocol tailored to the patient size may only be achieved if the three-way dependency of quality, dose, and size is ascertained. Considering the size adaptation offered in modern CT systems through automated tube current modulation (TCM), one can assume that protocols no longer need explicit patient size accommodation. However, current TCM technologies do not target diagnostic accuracy; they aim to reduce variability in noise across patient sizes only, which does not directly translate to consistency in diagnostic task.
There have been a number of excellent prior efforts to formulate size-specific protocols for pediatric CT. [4] [5] [6] [7] [8] [9] They have shown potential for dose saving, further enhanced with the use of iterative reconstruction algorithms. 10 CT dose management is made practical with the use of diagnostic reference levels (DRLs). 11 However, most prior efforts rely on radiation dose alone; if image quality is included, it is in terms of preference-based subjective metrics. Furthermore, these paradigms rarely include the larger continuum of the relationship between quality and dose. Precise optimization requires objective quantitative metrology, not only for dose but also image quality, 6 ,7 a task that has been proven difficult to achieve. 12 Phantom-based physical image quality metrics can be ascribed to clinical images (as is the case for most TCM algorithms), but to be most informative clinically for a given pathology, they would need to be translated into diagnostic accuracy. This paper offers a methodology to ascertain the interdependency of patient size, dose, and task-based image quality across the range of pediatric sizes. The basis for the estimation and optimization of image quality was image quality data pertaining to the detection of lung nodules representing pulmonary metastatic diseases. [13] [14] [15] This task was chosen as the detection of these lesions has critical implications for patient care (e.g., for tumor staging, treatment planning, and prognosis). Pediatric cancer patients often undergo a large number of CT scans, and unlike adult cancers, over 70% of pediatric cancers are curable, making the task of protocol optimization even more critical. 16 The methodology was devised based on contributing data from prior investigations providing independent quantitative components of dose and quality. The goal was to determine dose quality curves for the range of pediatric CT protocols to determine where nodule detection tasks may be optimized based on the size of patients. Piloted for one specific CT system, the methodology was devised such that it could serve as a template of optimizations for other indications, diagnostic tasks, and technologies.
Materials and Methods
This work involved the development of a framework for balancing quality and safety for varying pediatric patient sizes. The study drew from two foundational prior studies but deployed new characterizations using an original and not previously described methodology. The patient data included anonymized CT images of 30 pediatric patients. The institutional review board approved this study and waived informed consent.
Optimization Framework
To approach optimization in imaging based on quality and safety, there are four main requirements: first, radiation safety requires quantification with metrics (or indices) reasonably related to patient risk. Second, image quality should likewise be characterized with metrics reasonably correlated with the clinical indication. Third, the above two dependent parameters should be linked to the image acquisition factors, the independent parameters of the optimization process. Doing so establishes the user-controlled factors, which affect the image quality and patient dose. Finally, the determination of these metrics and their proper balance should be approached in the context of the individual patient, aligned with the growing international call for personalized imaging. 17 This is due to the fact that the quality and safety of an examination are highly dependent on the specifics of the patient (e.g., anatomy and age) and the indication: a dose that is proper for one patient or one indication may be grossly elevated or insufficient for another. In the midst of great variability in clinical practice, appropriate adjustments in the examination to achieve the balance between quality and safety are meaningful only when done with consideration for the individual patient.
The above approach and relationship form a framework that can be visualized by way of a three-dimensional (3-D) graph of safety indices, quality indices, and the (multidimensional) scan factors that govern the image acquisition process (Fig. 1) . The safety, quality, and scan factors then are boundaries, further classified depending on the location within the 3-D structure of the risk, benefit, and patient individualization. As a scan parameter is changed, it can potentially change the irradiation burden to the patient of a specific attribute (e.g., size), illustrated in the "risk regime" in this figure. The change in the parameter similarly can invoke a change in quality (e.g., likelihood of the detection of the indication of interest) in the resultant image, illustrated in the "benefit regime" of this Figure. Ascertaining these regimes enables the establishment of the relationship between quality and safety indices for an individual patient and examination ("optimization regime" of Fig. 1 ). Once the optimization space is ascertained, the individualized decisions and adjustments to the acquisition parameters or CT techniques can be made based on adherence to targeted diagnostic quality for particular abnormalities, dose levels, or any combination of the two. This enables the practitioner to minimize the dose for any given examination while simultaneously safeguarding its clinical utility.
Practically speaking, personalized CT requires the use of patient-specific, surrogate indices of radiation safety and image quality, and a method for prospectively determining these indices for an individual patient. A prior study 18 in pediatric chest CT characterized image quality in terms of detection accuracy and scan parameters. A second study likewise determined organ doses as a function of patient size and scan parameters. 19 Below is an outline of these studies and the process to put their findings in terms of the framework of Fig. 1 as a model to ascertain taskbased, quality-safety relationships in pediatric patients.
Study 1: Risk Dependency
Ascertaining the "risk regime" of Fig. 1 , the first study was conducted to ascertain the relationship between organ doses and scan parameters as a function of patient size. 19 Whole-body computational models were created for 30 pediatric patients (0 to 18 years) based on the patient's clinical CT data. The models represented nine pediatric age/size categories based on a color-coded Broselow-Luten system in place at our institution ( Table 1 ). The cases were unique (no repeat or follow-up scans) and largely equally distributed across the age categories. A validated Monte Carlo program modeling a typical commercial CT system (LightSpeed VCT, GE Healthcare) was used to estimate organ doses for the 30 patients undergoing chest CT scans using various combinations of scan parameters. The organ dose estimates were subsequently used to calculate patient-based effective dose, per ICRP. 21 While ICRP uses E as a metric of population-based radiation protection, the study applied it as a holistic metric of radiation burden to the patient, as now customarily applied in patient imaging (see Sec. 4). 22, 23 The effective dose values were subsequently related to the average diameter of the chest region d chest as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 3 2 6 ; 2 8 1
where α k and β k are constants, and DLP is the dose length product. The methodology to determine d chest is detailed in the Appendix.
To account for the impact of age and gender, organ doses were also combined to characterize the patient burden in terms of the radiation risk index (RI) 18 ,22 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 3 2 6 ; 1 8 4 RI
where D T is the absorbed dose to organ/tissue T, and r T is the gender-, age-, and tissue-specific risk coefficient (cases/100,000 exposed to 0.1 Gy) for lifetime attributable risk of cancer incidence. Values of r T (gender, age) are tabulated in the BEIR VII. 24 Like effective dose, RI incorporates the detriments of radiation exposure to various organs. However, unlike effective dose, RI is calculated using risk coefficients that are age-and The maximum tube current values correspond to the upper limits of the tube currents when TCM is turned on. They also represent the constant tube currents used when TCM is turned off (for example, in situations where patients are uncooperative and accurate patient centering is difficult). f CTDI vol32 denotes volume-weighted CT dose index based on a 32-cm diameter phantom. CTDI vol32 was determined for each protocol using the method described in the technical reference manual of the LightSpeed VCT system (5116422-100, Rev 6, GE Healthcare, 2006). g SSDE, size-specific dose estimate. SSDE was calculated from CTDI vol32 using chest diameter and the size-specific conversion factor published in AAPM Task Group report 204. 20 gender-specific. As such, RI is not restricted to reference patients and is a preferred metric for optimizing CT examinations, taking the attributes of the patient into consideration.
As in the case of effective dose, the estimated RI values were further related to d chest , age, and DLP as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 6 3 ; 6 9 7 RIðd chest ; aÞ
where α q ; β q ; γ q are gender-dependent constants, and a is age.
For the purpose of this study, we used RI values averaged for gender.
Study 2: Benefit Dependency
Ascertaining the "benefit regime" of Fig. 1 , the second study aimed to ascertain the relationship between diagnostic image quality and scan parameters as a function of patient size. 18 The study involved two specific steps. First, a receiver operating characteristic (ROC) experiment was performed ascertaining the detection of lung nodules as a function of varying imaging conditions. Clinical chest CT images of the thirty pediatric patients (0 to 18 years) were used to create three mA acquisition conditions (for one case, the mA was low and thus only one additional mA acquisition was rendered). The cases were replicated and embedded with 3-D realistically simulated subtle nodules, creating a total of 178 [(29 þ 30 þ 30) × 2 copies] cases of varying noise and randomized inserted lesions. Four experienced pediatric radiologists read the cases in a randomized fashion and scored their confidence pertaining to the presence of a lung nodule in each case. The accuracy of their detection was measured using the area under the ROC curve (AUC) as the measure of diagnostic image quality (or diagnostic performance). In addition, for each case, a physical surrogate of image quality was estimated as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 6 3 ; 3 8 3 CDNR display ¼
where σ lung denotes the quantum noise in the lung regions of the image, C is the peak contrast of the nodule, defined as the maximum Hounsfield unit (HU) difference between the nodule and lung parenchyma, and D display is the nodule diameter as displayed on the workstation used by the radiologists. This physical metric of image quality was found to be correlated with the measured diagnostic quality following the logistic function of E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 5 ; 6 3 ; 2 6 0 AUC ¼ a þ
where a; b; c; d are the constants. It should be noted that the coefficients of this relationship were discerned in the context of filtered-back projection reconstruction and a standard-resolution kernel. Different values are expected for different kernels and reconstructions including iterative reconstructions, which further exhibit additional dependencies on noise texture and dose-dependent resolution changes. However, the formalism can still be applied albeit updated coefficients.
In the second part of the study 2, each of the components of CDNR display , quantum noise, nodule contrast, and nodule diameter, was individually related to patient size and scan parameter. For noise, uniform water phantoms with diameters ranging between 8.2 and 27.0 cm were scanned on a commercial CT scanner (LightSpeed VCT scanner, GE Healthcare). In CT imaging, in general, one expects noise to be related to the inverse square root of dose or mAs and exponential related to patient size. The study found that this dependency can be well characterized in terms of an exponential second-order polynomial as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 6 ; 3 2 6 ; 6 9 7
where d is the water phantom diameter, p is the pitch, t is the slice thickness, and mAs is tube-current-time product. The coefficients α i ði ¼ 0; In terms of contrast, as pediatric metastatic disease is rarely presented with calcification 15 or evaluated with iodinated contrast, 26 the nodule contrast mainly represents the contrast of low-density soft tissue as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 7 ; 3 2 6 ; 4 9 1
where μ is the linear attenuation coefficient. Using the atomic compositions of soft tissue and lung defined by ICRU Publication 46, 27 C was calculated for soft tissue density ranging within 0.3 to 0.9 g∕cc over a photon energy range of 1 to 140 keV (Fig. 2) . Lung density was kept at 0.26 g∕cc per ICRU. For the full range of nodule densities, nodule contrast was found to remain nearly constant over the range of photon energies representative of clinical CT beams, presenting little dependence on the choice of tube voltage or the variation in patient size.
In the last component of CDNR display , the displayed diameter of a nodule was characterized as Samei, Li, and Frush: Size-based quality-informed framework for quantitative optimization of pediatric CT E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 8 ; 6 3 ;
where D is the actual (physical) diameter of the nodule, F is the reconstruction FOV size, and F display is the side length of the image as displayed by the display device. Pediatric radiologists rarely use the zoom function when searching for (versus characterizing) lung nodules. Thus, for a given review workstation and display mode in 100% zoom mode, F display is a constant. Equation (8) indicates that the larger the reconstruction FOV (F), the smaller the displayed diameter of a nodule (D display ). This effect is also illustrated in Fig. 3 using images of two pediatric patients as examples. Estimating the ingredients of Eq. (4) through Eqs. (6)- (8), physical image quality was characterized as function of patient size and scan parameters, which was then related to diagnostic performance per Eq. (5), as a description of the "benefit regime" of Fig. 1 .
Optimization Dependency
The findings of the above steps were integrated to establish continuous relationships, AUC ¼ fðEÞ and AUC ¼ fðRIÞ (i.e., accuracy-dose curves) for each of the nine color-coded protocols. These relationships can be recognized as dose efficiency gradients, the accuracy per dose expected to result a particular level of accuracy.
For each patient category, the median age was used as the basis for metrics of chest size (Appendix). The AUC was derived for a reference task, defined as the task for the detection of a nodule with diameter D of 4 mm and peak contrast C of 350 HU, values corresponding to the average diameter and peak contrast of the subtle lung nodules investigated in the observer study. To calculate the displayed diameter of a nodule [Eq. (8) ], the reconstruction FOV was assumed to be 3.0 cm greater than the transverse thickness of the patient's chest (Appendix), i.e., F ¼ T thick þ 3 cm. F display was set to be 18.8 cm, which corresponds to the side length of a CT image when displayed in a 100% magnification mode on the workstations used by the pediatric radiologists. To delineate the continuous accuracy-dose relationships, tube current was serially reduced from 700 to 5 mA in 5-mA decrements.
Results
Given the magnitude of multiple dependencies represented in the results, they are presented below into four sections as the: 1) dependency between diagnostic quality and effective dose, 2) use the framework to ascertain the impact of scan parameters on the dependencies, 3) design of alternative protocols for more consistent diagnostic quality for each of the patient age/size groups, and 4) impact of representation of results as an RI.
Effective Dose Dependency for Existing Protocols
In our existing protocols (Table 1) , for each patient category, AUC initially increased rapidly with E and then approached a plateau [ Fig. 4(a) ]. For example, taking the blue category (median age: 6.2 years), 1 mSv was required to achieve an AUC of 0.74. Raising the AUC from 0.74 to 0.80 required an additional E of 0.7 mSv. However, the gain in AUC with increased dose diminished with further increasing the AUC: raising AUC from 0.80 to 0.85 required a larger additional E of 1.3 mSv or doubling the dose increase needed for a similar incremental AUC increase. In other words, for every unit of dose increase, there was a diminishing gain in diagnostic accuracy especially at relatively higher dose levels. The nine existing protocols had a similar E of 2.2 AE 0.2 mSv with AUC decreasing from 0.89 for the youngest patient category to 0.67 for the oldest patient category. The average AUC across patient categories was 0.83 AE 0.08.
Optimized Imaging Parameters
For all patient categories, the accuracy-dose curves had little dependence on the choices of tube voltage, collimation, and pitch (Fig. 5) . However, they depended substantially on the choices of scan FOV (bowtie filter), slice thickness, and reconstruction FOV (Fig. 6 ). For example, for the blue category (median age: 6.2 years), to maintain a target AUC of 0.83, decreasing the tube voltage from 120 to 80 kVp reduced E by merely 0.02 mSv (1%), whereas decreasing the reconstruction FOV from 33 to 17 cm reduced E by 3 mSv (72%). These results, as well as the considerations for scanning speed and other aspects of image quality, dictated the choices of individual scan parameters, as delineated below.
Tube voltage
Given that no tube voltage was found to be more dose efficient than other tube voltages for the task of detecting subtle lung nodules in the pediatric age group, tube voltage was chosen to optimize other aspects of imaging performance. The lowest tube voltage 80 kVp could have been chosen for all the patient categories to maximize soft tissue contrast (i.e., contrast between muscle and fat). However, compared to a higher tube voltage, to maintain the same image noise at 80 kVp, a higher tube current would be needed. When the required tube current exceeds system limit, either the pitch needs to be reduced or the rotation time needs to be increased. Either approach prolongs the total scan time and increases the possibility of nonrandom motion artifact and impact of periodic motion (breathing and cardiac motion).
Collimation, pitch, and rotation time
Given the negligible effects of collimation and pitch on dose efficiency, those two scan parameters were chosen to maximize scanning speed while providing desired spatial resolution. For all patient categories, the maximum beam collimation (40 mm) and the second largest pitch (1.375) available on LightSpeed VCT system were chosen to maximize scanning speed. Although a higher pitch of 1.75 is also available on the CT system, earlier research on multislice CT systems has shown that the slice sensitivity profile begins to deteriorate when pitch is increased to 1.75. 30 To maximize scanning speed, the shortest gantry rotation time available for noncardiac scans (0.4 s at the time of the investigations) was selected for all patient categories.
Scan field of view
For all patient categories, the small bowtie filter provided the highest dose efficiency (Fig. 6) . It corresponds to the "ped body" or "small body" scan FOV. When the "ped body" scan FOV is chosen, the system reports CTDI vol based on a 16-cm diameter phantom. When the "small body" scan FOV is chosen, the system reports CTDI vol based on a 32-cm diameter phantom. To avoid confusion in the reported CTDI vol , "ped body" scan FOV was chosen for all patient categories.
Slice thickness and reconstruction interval
Dose efficiency was found to increase appreciably with increasing slice thickness (Fig. 6) . This is because when dose is kept constant, using a thicker slice reduces image noise. However, as the reference task was the detection of a 4-mm nodule, to reduce partial volume effect, the slice thickness for the last six patient categories was reduced from 5 to 3.75 mm. The slice thickness was kept at 2.5 mm for the youngest patient category to allow the clear visualization of other small anatomical structures in the youngest patients (newborn to half year of age). Earlier research has indicated the benefits of overlapping slices on the detection of small nodules. 26 Thus, the reconstruction interval was chosen to be 1.25 mm for the youngest patient category and 2.5 mm for other categories.
Reconstruction field of view
Dose efficiency was found to increase substantially with decreasing reconstruction FOV size (Fig. 6) . Thus, the optimized display FOV size was the smallest possible for a given patient size.
Clinical Operating Dose Levels
Based on the above results, an optimized set of protocols was devised as detailed in Table 2 . Figure 4(b) shows the accuracydose curves generated using the optimized scan parameters.
The average AUC across patient categories was 0.83 AE 0.08. All metrics of radiation dose increased roughly linearly with patient age ranging between 1.4 and 2.6 mGy for CTDI vol (32-cm phantom), 3.3 to 4.4 mGy for SSDE, and 1.9 to 2.4 mSv for effective dose. The target AUC was set to be 0.83, the average AUC across patient categories provided by the existing protocols. To achieve this target AUC, the required E ranged from 1 mSv for the youngest patient category to 10 mSv for the oldest patient category. The corresponding levels of quantum noise in the lungs ranged between 15 and 8 HU, decreasing with increasing patient size ( Table 2) . To achieve these levels of quantum noise, the required noise indices, derived using the findings of a recent study, 31 decreased from 21 HU for the youngest patient category to 12 HU for the oldest patient category.
Risk Index Dependencies
Figures 4(c) and 4(d) show the curves of AUC ¼ fðRIÞ generated for the existing and the optimized protocols, respectively. Because the existing protocols provided similar E across patient categories [ Fig. 4(a) ], they corresponded to slightly higher RI values for younger patients [Fig. 4(c) ]. In contrast, the optimized protocols aimed to achieve the same AUC across all patient Fig. 5 The effects of kVp, pitch, and collimation on dose efficiency. Three patient categories are illustrated as examples. In each subplot, the thick curve corresponds to the scan parameters in the existing protocol for the given patient category ( Table 1 ). The other curves represent the adjustment of one scan parameter, while keeping all other scan parameters the same as for the thick curve. One exception is that when evaluating the effect of tube voltage, the "ped body" scan FOV (corresponding to the small bowtie filter) was used for all patient categories. Another exception is that when evaluating the effect of scan FOV (i.e., bowtie filter), 120 kVp was used for all patient categories.
categories, which implied 10 times more E and 4.5 times more RI when comparing the oldest to the youngest patient categories.
Discussion
Optimization in images should involve both the benefit and risk associated with a procedure. Prior work on optimization has mostly focused on dose alone or on more rudimentary non task specific quality measures such as noise, or Lickert scales. These have also depended on subjective preference-based measures or relied on very sparse sampling of accuracy-dose space. To the best of our knowledge, this study represented the first assessment of the multidimensional requirements for diagnosis for pediatric CT consisting of accuracy-dose trade-off for colorcoded size-specific pediatric CT protocols. We demonstrate that characterizing the continuous dependencies of an objective measure of quality (informed by diagnostic accuracy in the detection of metastatic lung nodules) on radiation dose (informed by organ dose estimates) across a range of pediatric sizes can enable protocol improvement. By establishing a continuous curve, the new method enables the practice of the ALARA (as low as reasonably achievable) principle quantitatively, given a measure of quantification to the quality part of this acronym ("reasonably," that is maintaining justifiable consistent performance).
The framework and the ranges of noise, AUC, and dose values provided in this study can serve as a model for future investigations of CT performance based on quantitative integration of image quality and radiation dose for pediatric protocols.
Our study affirms the obvious expectation that both physical image quality and diagnostic image quality increase with radiation dose; however, it highlights the nonlinear nature of this relationship, echoing the well-known hyperbolic nature of the dose/noise relationship in x-ray imaging. For every unit of dose increase, there is more gain in diagnostic quality at a lower dose. The gradient of this dependency diminishes as the dose increases such that beyond a certain decided threshold dose, a further increase in dose may not be considered to offer a justifiable improvement in the diagnostic performance. This can be used as a basis to both define and move toward optimization. Considering that the relationship between diagnostic performance and dose is highly size-and indication-dependent, it becomes crucially important to ascertain these dependencies so that the thresholds can be properly discerned.
To put the results of this study in perspective, Table 3 compares CTDI vol (32-cm phantom) values from this study with those from other sources. These include median (50th percentile) CTDI vol values from large-scale surveys conducted of Fig. 6 The effects of bowtie filter, slice thickness, and FOV on dose efficiency. Three patient categories are illustrated as examples. In each subplot, the thick curve corresponds to the scan parameters in the existing protocol for the given patient category ( Table 1) . The other curves represent the adjustment of one scan parameter, while keeping all other scan parameters the same as for the thick curve. One exception is that when evaluating the effect of tube voltage, the "ped body" scan FOV (corresponding to the small bowtie filter) was used for all patient categories. Another exception is that when evaluating the effect of scan FOV (i.e., bowtie filter), 120 kVp was used for all patient categories. The maximum tube current values correspond to the upper limits of the tube currents when TCM is turned on. They also represent the constant tube currents used when TCM is turned off (for example, in situations where patients are uncooperative and accurate patient centering is difficult). The unit for RI is "cancer incidence cases per 1000 patient exposed."
Journal of Medical Imaging 031209-9 Jul-Sep 2017 • Vol. 4 (3) pediatric CT practices in the developed and the developing countries. It is clear that the color-coded size-specific protocols in Table 1 represent a relatively low-dose practice. Thus, it may be concluded that the pediatric chest CT images acquired elsewhere have lower noise and hence better physical image quality compared to those acquired with our protocols. This, however, would not be expected to automatically translate to demonstrably higher diagnostic image quality as shown in Fig. 4 . Higher dose can be considered a "wasted" dose as the operating points are likely on the plateau portion of the relationship. This highlights the need for base dose optimization not on dose or physical image quality alone but on diagnostic quality. While the decision of what AUC is adequate is a complex clinical decision, it is clear that dose reduction is possible if the current clinical operating point is well into the "plateau" region of the accuracy-dose curve; in this location, reducing dose has no or minimal effect on diagnostic accuracy. One potential application of this is targeted reduction of dose in practices that use relatively high dose: one can systematically reduce the mA or the associated TCM parameters to a point where the gradient of accuracy-dose dependency reaches a predefine value. Further dose reduction (or enhancement in diagnostic accuracy) may be achieved by adjusting other scan parameters. With the judicious choice of scan FOV, slice thickness, and reconstruction FOV, appreciable dose saving can further be utilized to improve the balance of image quality and radiation risk.
Our application demonstrates that diagnostic image quality is generally higher for younger patients using our protocols, with an AUC differential of 0.22 between newborn and teenage patients. We believe this was a result of two factors. The first is that, all else being equal, image noise increases with increasing patient age/size. Although higher scan parameters (tube current and peak kilovoltage) trended increasingly with age, settings do not fully compensate for the increase in patient size with respect to resultant noise. The second factor was that the reconstruction FOV size generally increases with increasing patient age/size. This leads to reduced nodule diameter as displayed on the workstation. If the chest CT scans are performed for the primary purpose of assessing metastatic disease (e.g., for soft tissue sarcomas), one could argue that dose should be adjusted such that the same diagnostic image quality (AUC) is achieved for all pediatric body sizes. This translates to an 18-fold difference across pediatric categories for an AUC of 0.83. In Table 3 , no survey data exhibited such a high CTDI vol ratio. This possibly suggests that the relatively higher diagnostic image quality in younger patients at our institution is also indicative of the practices elsewhere.
This study used effective dose as a basis for optimization. It should be noted that, as the tissue-weighting factors are mean values representing averages over genders and ages, effective dose in principle only applies to reference patients (e.g., average-sized pediatric patients at 0, 1, 5, 10, 15 years of age; 73-kg adult). 39 The limited utility of effective dose for medical procedures has been discussed in the literature. [40] [41] [42] [43] Primarily among those, E does not account for some key attributes of radiation burden, age, and gender. 22 Though overly simplistic, the scalar aspect of the effective dose and its benchmark against background radiation are of prime convenience for protocol optimization. Other metrics of optimization based on specific organ dose or risk indices using the methodology outlined in this study may also be used. Modality-centric metrics such as CTDI do not linearly relate to patient dose when the patient is varied and, thus, would have limited applicability to optimization tasks.
This study has several limitations. First, due to the retrospective nature of this work, the accuracy-dose curves are only valid for the filtered back projection (FBP) reconstruction algorithm. They do not apply to the recently developed statistical or iterative reconstruction algorithms. [44] [45] [46] [47] Recent studies in pediatric CT have shown the potential of significant dose saving when using these statistical or iterative reconstruction algorithms. 10, 48, 49 If our study was repeated for the newer generation of reconstruction algorithms, the dose required to achieve the same image quality would likely be lower than what is reported in this paper. However, the methodology applied here can be utilized for other reconstruction techniques. Second, images from the CT scanner investigated in this study do not necessarily represent other CT systems. Some of the newest CT systems employ more sensitive x-ray detectors 50 and are equipped with adaptive collimation to reduce overranging distance. 51 They likely require lower dose to achieve the same image quality. Third, the accuracy-dose curves published in this study are limited to the task of detecting subtle lung nodules representing pulmonary metastatic diseases, as interpreted by expert pediatric radiologists. For other tasks, such as the detection of iodineenhanced lesions, the accuracy-dose curves would be different. The clinical operating points would also be different. Finally, our predicted optimized parameters based on our strategy require validation in the clinical routine. Despite the above limitations, the emphasis in this investigation is the model described in this work, exemplified through the clinical task of nodule detection, which can be used as a template in an advanced strategy to analyze the accuracy-dose trade-off for any imaging system, imaging technology, or clinical task. It can further serve as a model for future image quality and radiation dose investigations to define DRLs not based on dose but rather based on image quality.
Conclusion
Optimization of CT through quantitative characterization of patient dose and diagnostic quality enables the assessment of the trade-offs between the two as a function of scan parameters for different pediatric patient sizes. The resulting functional dependencies provide a methodology to achieve consistent, task-specific diagnostic accuracy across the broad range of pediatric body sizes. The methodology enables implementation of an optimization targeting a specific dose level irrespective of patient size (with implied differences with respect to resulting image quality), targeting a specific quality level irrespective of patient size (with implied differences with respect to required dose), or targeting an isogradient condition across the sizes. The latter avoids the plateaus where changes in dose have a minimal impact on diagnostic quality, assuring a consistent level of overall performance. The methodology and targeted AUCs can serve as templates and target values for other optimization needs in imaging, serving as an advanced strategy to analyze the accuracy-dose trade-off for other imaging systems, imaging technologies, or clinical tasks.
Appendix: Chest Size Determination
In chest CT, radiation dose and physical image quality depend on chest size. Three metrics of chest size (diameter, water-equivalent diameter, and height) were determined for each patient category to facilitate dose and image quality assessment.
Chest diameter was calculated as d chest ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi AP thick × T thick p , where AP thick and T thick denote the anteroposterior and transverse thicknesses of the chest, respectively. They have been measured as functions of pediatric age by Kleinman et al. 52 In this study, the results of the linear regression analysis reported by Kleinman et al. were used for patients older than two years of age (i.e., the last six patient categories). For patients younger than two years of age (i.e., the first three patient categories), the original data of Kleinman et al. were fitted to a power-law function. The results can be summarized as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 9 ; 6 3 ; 5 3 
where AP thick and T thick are in the unit of cm, and age is in the unit of year. For each patient category, the median age was used to calculate AP thick and T thick and derive chest diameter d chest (Tables 1 and 3 ). d chest was used to calculate size-specific effective dose [Eq. (8) ]. An earlier study 25 showed that water-equivalent diameter of the chest determined from nonlung chest area d Fig. 7(a) ]. The linear relationship was established based on measurements made from the chest CT images of 30 pediatric patients (median age, 4 years old; age range, 0 to 18 years old; median weight, 17 kg; weight range, 2 to 52 kg) included in an earlier ROC observer study. 18 The chest height of a patient was defined as the distance from lung apex to lung base. Chest height was measured from the scout images of the same 30 pediatric patients and was correlated with age using linear regression analysis [ Fig. 7(b) ]. The result of the analysis was then used to calculate chest height for each patient category based on median age.
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